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We experimentally observe long-wavelength dispersive waves generation in a BBO crystal. A soliton was formed 
in normal GVD regime of the crystal by a self-defocusing and negative nonlinearity through phase-mismatched 
quatradic interaction. Strong temporal pulse compression confirmed the formation of soliton during the pulse 
propagation inside the crystal. Significant dispersive wave radiation was measured in the anomalous GVD 
regime of the BBO crystal. With the pump wavelengths from 1.24 to 1.4 gm, tunable dispersive waves are 
generated around 1.9 to 2.2 gm. The observed dispersive wave generation is well understood by simulations. 

OCIS codes: (320.7110) Ultrafast nonlinear optics; (190.5530) Pulse propagation and temporal soli- 

tons; (320.2250) Femtosecond phenomena. 
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Fiber-based dispersive wave (DW) induced by solitons 
has been intensively investigated. It plays an essential 
role in fiber supercontiuum generation 00 - New spec¬ 
tral components on either the short-wavelength side or 
the long-wavelength side of the pump wavelength are 
possible by this technique with proper fiber dispersion 
control [3|-0. The normally small core size of the fiber, 
however, limits the propagating pulse energy; especially 
when generating DW in the long-wavelength side of the 
pump and multiple zero-dispersion wavelengths (ZDWs) 
are needed. The direct use of bulk nonlinear materials 
is promising for high pump energy. Most bulk nonlinear 
materials have normal group velocity dispersion (GVD) 
in the near-infrared (NIR) pump wavelength; therefore, 
when a conventional Kerr (self-focusing and positive) 
nonlinearity is employed, the study of DW generation 
easily falls into another dilemma: filamentation likely 
kicks in. Which complicates the whole process, and 
greatly impedes its application (M3. 

A negative (self-defocusing) nonlinearity, e.g. the one 
available from a phase-mismatched quadratic process, 
could open a new window for DW research for the mostly 
used NIR pump wavelengths. The flipped sign of nonlin¬ 
earity means that instead of filamentations, the genera¬ 
tion of soliton is possible in the normal GVD regime of 
the bulk material in the NIR; which will then be able to 
stimulate efficient DW emission in the anomalous GVD 
regime (longer wavelength) of the crystal. Furthermore, 
much higher pulse energy could be supported due to 
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the absence of filamentation. The excitation and uti¬ 
lization of NIR soliton in the normal GVD regime by 
the phase-mismatched quadratic process have been re¬ 
ported in various nonlinear crystals fUfHl ; especially in 
the most frequently used BBO crystal, by which soliton 
compression down to few optical cycle has been real¬ 
ized 01 ]. However, despite the success of exciting self- 
defocusing temporal soliton in the BBO crystal, and the 
numerical prediction of the existence of such a DW emis¬ 
sion , the formation of DW emission in the anoma¬ 
lous GVD regime of this crystal has so far never been 
observed experimentally. It was only recently observed 
directly for the first time in cascaded nonlinear media 
jl8| : The strong few-cycle near-IR self-defocusing soli¬ 
ton self-compression observed in a bulk lithium niobate 
crystal in [l6| was confirmed to give rise to a resonant 
transfer of energy to a femtosecond mid-IR dispersive 
wave fl8| . 

In this letter, we will demonstrate the first experi¬ 
mental observation results of DW generation by such 
a negative nonlinearity in BBO crystal. DW emission 
from 1.9 to 2.2 /jrn are measured in a 25-mm-long BBO 
crysal with single pump wavelengths from 1.24 to 1.40 

fim. 

For the experiment, a piece of 25-mm-long BBO crys¬ 
tal with a 10 x 7 mm 2 aperture (cut with 9 = 21°, 
cj) = —90°) is used for the phase-mismatched quadratic 
nonlinear process. The wavelength tunable output laser 
from a 1 kHz commercial OPA system are pumped 
through the crystal (beam spot size 1.8 mm FWHM). 
The pulse duration of the laser pulses from the OPA 
was around 50 fs (see below) and were kept slightly 
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Fig. 1. Experimentally observed soliton self-compression and 
dispersive wave formation in a 25 mm BBO pumped at 
Ai = 1.3 fim with peak intensity was 35 GW/cm 2 . Top: 
Intensity AC traces for the input pulse (corresponding to a 
52 fs FWHM Gaussian pulse) and the output pulse, showing 
a 16 fs self-compressed self-defocusing soliton. The output 
was measured for Ak = 14 mm -1 , but similar traces were 
found for other values of Ak. Bottom: The input and out¬ 
put spectra for Ak = 10 mm -1 : An over 1 octave supercon¬ 
tinuum has formed, and the near-IR soliton, located in the 
normal (’N’) dispersion regime resonantly couples to a long- 
wavelength dispersive wave located in the anomalous (’A’) 
dispersion regime. 


negatively chirped. The phase-mismatch was tuned by 
rotating the external crystal angle, and the pump in¬ 
tensity was adjusted by neutral density filters. An In- 
GaAs CCD-based spectrometer is employed to monitor 
the spectrum from 870 up to 2500 nm. The pulse du¬ 
ration of the output pulses were checked by a intensity 
autocorrelator with a 100 pm thick BBO SHG crystal, 
and were typically ~ 50 fs FWHM and Gaussian shaped. 
The bandwidth was measured to be around 60 nm, so 
the pulses are slightly above transform limited duration 
(a linear chirp parameter |Cj = 0.9 is deduced, which is 
beneficial for soliton formation as long as it is negative 
[Hi). The basic experimental setup is similar to what 
was used in [H; and similarly, we were able to observe 
clear temporal pulse compression under various pump 
intensities and phase-mismatch values. Because there 
is no dispersion compensation involved, the pulse self- 


Fig. 2. Experimentally recorded spectra for Ai = 1300 nm. 
(a) Crystal tuning angle is fixed (Afc = 14mm _1 ) and the 
pump intensities increase from 25 to 55 GW/cm 2 . The BBO 
ZDW is indicated by a vertical line, (b) Pump intensity is 
fixed (35 GW/cm 2 ) and Ak is tuned. 


compression is a clear indication that high order soliton 
was excited due to the interplay of the positive material 
GVD and a negative quadratic nonlinearity. 

The top plot in Fig. [l] shows the measured autocorre¬ 
lation traces for the direct input and the output pulses 
(Ak = 14mm _1 and 35 GW/cnr 2 ). Despite the exis¬ 
tence of uncompressed pedestal structure, which is com¬ 
mon to see with pulse compression by soliton, the main 
part of the pulse was compressed down by nearly 3 folds: 
from 52 fs FWHM (using the Gaussian de-convolution 
factor) down to about 16 fs FWHM (using the sech 2 de- 
convolution factor). The output spectrum shown in the 
lower plot reveals that the formation of temporal soliton 
around the NIR pump wavelength indeed is accompa¬ 
nied by DW formation in the long-wavelength anomalous 
GVD regime of the BBO crystal. The peak is found only 
10 dB below the soliton maximum, confirming that the 
energy transfer is quite substantial. The bandwidth of 
the supercontinuum is over 1 octave. 

We were able to observe the generation of DW way 
beyond the zero dispersion wavelength of the crystal un¬ 
der various conditions. Fig. [2ja) shows the input pump 
spectrum at 1300 nm and the measured output spectra 
when the crystal is angle-tuned for A A: = 14mm _1 and 
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Fig. 3. (a) The input spectra at 1240 nm and the output spec¬ 
tra when the crystal tuning angle is fixed (A k = 16mm -1 ) 
and the pump intensities increase from 20 to 40 GW/cm 2 . 
(b) Output spectra when the pump intensity is fixed at 
40 GW/cm 2 and A k is tuned. 
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Fig. 4. (a) The input spectra at 1400 nm and the output spec¬ 
tra when the crystal tuning angle is fixed (Afc = 10mm -1 ) 
and the pump intensities increase from 15 to 40 GW/cm 2 . 
(b) Output spectra when the pump intensity is fixed at 
30 GW/cm 2 and Ak is tuned. 


pumped by increased intensity. The spectral broaden¬ 
ing is tremendous (more than one octave at -20dB level), 
and the significant secondary spectral peaks near 2.0 to 
2.1 fj ,m are clear sign of DW generation in the linear 
regime. With increased pump intensities, the formed 
DW slightly shifts to the red. We can also notice that 
the central wavelength of the NIR pump experiences sig¬ 
nificant amount of blue shift, and NIR peaks move a bit 
further to the blue side with higher pump intensity. The 
large blue shift of the original pump spectrum actually 
holds the DW generation from going much further into 
the longer wavelength by rectifying the phase-mismatch 
Afc; the A k value will be significantly increased with 
reduced pump wavelength under the same pump an¬ 
gle inside the BBO crystal, and a large Ak could pull 
the DW to shorter wavelength. The results agree well 
with the numerical predictions. Fig. [2](b) shows the dy¬ 
namic of the DW generation under shifting phase mis¬ 
match values. The DW emission is gradually strength¬ 
ened with the phase-mismatch value decreases from 18 
to 14 mm -1 . 

DW generation at other pump wavelengths were also 
observed. Fig. [3] and Fig. [I] show relevant experimental 
results at the pump wavelength of 1240 nm and 1400 nm, 
respectively. In general, when the pump NIR wavelength 
is closer to the ZDW, the generation of DW is more 


efficient, which can be well understood: the efficiency of 
DW generation depends on the overlapping between the 
soliton spectrum tail and the DW phase matching point; 
longer pump wavelength means more energy coupling 
from the soliton into the DW. 

In conclusion, we report the experimental observa¬ 
tion of long-wavelength DW generation by negative non¬ 
linearity in BBO crystal. With the formation of self- 
defocusing soliton in the NIR pump wavelength of 1.24 
to 1.40 //m, DW is observed around 1.9 to 2.2 /im, in the 
anomalous GVD regime of the crystal. Significant blue 
shift of the NIR pump spectrum is also observed, which 
at some extend prohibit the DW radiation in further 
longer wavelengths. The generated DWs are tunable 
by the angle-tuning of phase mismatch or pump inten¬ 
sity. Such technique can be easily applied to other bulk 
quadratic crystals and enable DW generation in different 
wavelength ranges Ed. 
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